We investigate the distribution of atoms and diatomic metal-oxide molecules in femtosecond laserinduced plasmas generated at and after the laser beam focal plane, where non-linear phenomena give rise to the formation of a weakly ionized air plasma channel. We use direct plasma imaging and optical emission spectroscopy to study plasma expansion, and the associated physical and chemical separation processes. Plasma splitting occurs upon the interaction of the weakly ionized plasma with the sample and is accompanied by a change in the spatio-temporal distribution of the molecules and atoms compared to sampling at the focus. Furthermore, molecular emission is favored at specific locations and is enhanced over atomic emission as the sample is moved underneath the laser focus. These findings support the ability to enhance or impede the formation of molecular versus atomic species at specific spatio-temporal locations in the laser-induced plasma.
Introduction
Controlling chemical reactions and separation processes in laser-induced plasmas has direct implications in laser ablation-based chemical analysis and is critical in tailoring the plasma composition. The spatiotemporal distribution of species in the expanding plasma is particularly important since it can affect what species are detected in optical emission and mass-spectrometry-based schemes. Laser ablation in air commonly leads to the formation of new molecular species, particularly oxides and nitrides, thereby adding to the complexity of the reactions taking place in the laser-induced plasma. The distribution of these species and resulting products is dependent on the laser parameters as well as on the ambient pressure. Although numerous studies have focused on physical characteristics like expansion dynamics, shockwave formation, plasma angular distribution in air, and other, much less is known about laserinduced plasma chemical reaction pathways and the spatio-temporal distribution of free atoms and molecules in it.
1 , 2 , 3 This is especially true in the femtosecond laser time regime, where molecular formation processes and their distribution remain largely unexplored. 4 Molecular formation in laser-induced plasmas is influenced by several factors including molecular structure of solid samples 4,5 various reaction channels including direct ablation of molecules, 6 plasma expansion dynamics or mixing with ambient gas, 4 and combinations thereof. 7 Molecular signatures in laser plasmas provide useful information on the molecular structure of organic solids and have been successfully utilized for discrimination of polymers, biological species, and hazardous materials. 8, 9, 10 Furthermore, molecular band emission is the basis for laser-ablation molecular isotopic spectrometry (LAMIS) which enables isotopic analysis in laser-induced plasmas in real-time at atmospheric conditions. 11, 12 Femtosecond (fs) laser ablation sampling offers advantages such as suppressed thermal effects and high spatial and depth resolutions. 13, 14, 15 Femtosecond laser-induced plasmas are generally known to have lower temperature, shorter persistence time and are associated with suppressed thermal effects on the sample compared to those produced by nanosecond laser pulses. 16 While the majority of laser plasma optical emission investigations occur at the focal point of the lens focusing system, fs laser ablation off-focus at positions after the lens focal plane (focal length of the lens) provides a pre-ionized medium above the sample. In the fs time regime, non-linear effects such as self-focusing and ionization can lead to the formation of a weakly ionized plasma channel. 17, 18 This weakly ionized plasma channel in itself is a new source for ablation and plasma formation with characteristics distinctly different from those of focused femtosecond beams.
In this work, we use femtosecond weakly ionized plasma channels and focused femtosecond beams to study separation processes in the laser induced plasma. The weakly ionized plasma channel affects the shape and splitting of the expanding plasma from the titanium sample, as well as the distribution of molecules and free atoms. Although the formation of metal-oxide diatomic molecules in nanosecond laser induced plasmas has been investigated for TiO, 19 , 20 , 21 , 22 there is still very little known about TiO formation in tailored femtosecond laser induced plasmas. Herein, we study the spatial and temporal distribution of the plasma to find that the ratio of molecular-to-atomic species changes and that molecular formation is favored when ablating with the weakly ionized plasma channel. Moreover, the ratio of molecular-to-atomic species significantly depends on the distance from the femtosecond beam focus.
Experimental
A Ti:Sapphire femtosecond laser system (Astrella, Coherent) was used as the excitation source. The wavelength, pulse duration, pulse energy, and repetition rate were 800 nm, 35 fs, and 3.5 mJ/pulse, and 23 Also, the optical emission intensity is influenced by the mass ablated which is proportional to both crater area and ablation depth.
The femtosecond laser-induced plasma was imaged onto the entrance slit of a spectrometer (f = 1.25 m, Horiba JY 1250M) through two planoconvex lenses. The spectrometer was equipped with a 1200 grooves/mm grating and an intensified charge-coupled device detector (ICCD, PI-MAX, 1340 ´ 1300 pixels, 20 ´ 20 µm 2 pixel size). The plasma images were acquired from single laser pulses at various time delays, t, from the laser pulse, with the spectrometer set to its zeroth-order position. For these measurements, the ICCD detection gate width was set to 0.1 µs. Wavelength-resolved images were recorded with the grating centered at 708 and 393 nm. In the 708 nm range, TiO emission bands and Ti I lines could be detected simultaneously in the same spectral window. For excitation temperature calculations, Ti I lines in the wavelength region around 393 nm also were used. The ICCD detection gate widths were set to 0.2 and 1 µs, for t < 1 and ³ 1 µs, respectively. For each spectrum, emission from 500 laser pulses was accumulated. During measurements, the Ti metal sample was translated by employing a motorized stage set at a speed of 1.0 mm/s.
Results and discussion

TiO distribution in fs laser-induced plasmas generated at the laser focus
Figure 2 shows time-resolved images of laser-induced plasmas generated by fs laser ablation of a Ti metal sample. For these images, the sample surface was located at the laser focal plane (indicated by "IF" in Figure 1 ). In agreement with previous findings, the angular distribution of the expanding femtosecond laser-induced plasma is relatively small as compared to a nanosecond pulsed laser plasma. 16, 24 Reflection of the laser-induced plasma from the Ti metal surface (horizontal dotted line in Figure 2 ) is observed. Figure 3 shows the LIBS emission spectrum measured under these conditions, at 1 µs delay. Figure 4 shows time-distance contour maps of (a) the atomic emission intensity of Ti, ITi I and (b) molecular emission intensity of TiO, ITiO. These measurements were obtained when the sample was placed at the laser focal plane (i.e., position "IF"). As expected, oxide molecules tend to form later in time. 27, 28 The majority of the atomic and molecular emission exists fairly close to the sample surface (< 2 mm), independent of the time after the laser pulse. This is consistent with the plasma images presented in Figure 2 , in which the entire plasma emission is imaged onto the ICCD without element or moleculespecific emission information. The maximum intensity for the atomic emission is on the order of a few hundred nanoseconds after the pulse, versus 2 -4 µs for molecular emission.
The ratio of molecular-to-atomic emission, ITiO/ITi I is shown in Figure 4 (c) as a function of distance for different delay times. This ratio increases with time, with a variation of up to an order of magnitude between early (~200 ns) and much later times (> 4 µs) from the laser pulse. Importantly, the reversible trend (initial decline followed by an overall rise) of the ratio as a function of distance reveals molecularto-atomic signal enhancement close to the sample (0 mm) and toward the expanding front of the laserinduced plasma (2 mm). Clearly, TiO molecular emission is enhanced at both lower and higher ends of the plasma, similar to that measured with ns laser oxide formation in metals, 28 and has been attributed to lower temperature and effectiveness in mixing with ambient air at the outer parts (periphery) of the plasma. Figure 5 shows time-resolved emission images of fs laser-induced plasmas generated from the Ti metal sample with its surface at OF2, which is after IF by 3.2 mm (see Figure 1 ). An image of the weakly ionized plasma is shown on the left to demonstrate its relative position to that of the laser-induced plasma.
TiO distribution in fs laser-induced plasmas from ablation after the laser focus
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The weakly ionized plasma image was measured using the same laser-focusing and imaging optics without the Ti metal sample in place. The ICCD detection gate (0.1 µs width) was delayed from the laser pulse by 0.1µs. The vertical length of the weakly ionized plasma channel is estimated to be 5 mm.
A physical separation of the laser-induced plasma is observed in Figure 5 . This separation takes place at later delay times (indicated by the arrows), becoming prominent about 1 µs after the laser pulse.
The upper plasma begins to expand toward the normal direction from the sample surface (into the weakly ionized plasma region) at around t = 0.33 µs. The separated upper plasma expanded up to ~1.5 mm from the top of the original plasma body with a speed of ~400 m/s. In comparison with the images taken at IF, shown in Figure 2 , the total volume of the expanding plasma appears to be larger in the direction normal to the sample (vertical expansion). The total length of the combined plasma is roughly 3 mm at approximately 10 µs after the laser pulse. The physical separation of the plasma does not change significantly after ~4 µs. Separation has been previously observed in long-pulse laser-induced plasmas, particularly close to the Laser Supported Detonation Wave (LDSW) regime. 29 In the context of the existence of a pre-ionized medium, reports on orthogonal dual-pulse LIBS with a pre-ablation spark 30 indicated that the plasma can effectively expand into the pre-ablation spark zone located above it. 6a and 6b) . Note that the total intensity of emission in Figure 6a and b as indicated by the color scale of the contour plots are lower than the case when the laser is in focus (Figure 4) . This effect may be correlated, among others, with a reduced amount of mass ablated with lower total laser energy density reaching the sample.
The ratio of molecular to atomic emission in Figure 6c as a function of distance for different delay time, shows remarkable differences to that observed at the in-focus position (Figure 4c) . Importantly, the formation of oxides versus atoms is enhanced significantly, especially at later times after the pulse. These data demonstrate that sampling configuration can be used to preferentially drive the formation of molecules in laser induced plasmas.
Figure 7a
shows the temperature profiles for the fs laser-induced plasma with the sample surface at IF and OF2. Ti shows well-known strong atomic emission lines in near ultraviolet wavelength region.
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Among them, two Ti I lines at 391.118 and 392.142 nm were chosen for the determination of temperature.
The spectroscopic parameters of these two Ti I lines are listed in Table 1 . The excitation temperature, T, as a function of distance at each sample position was evaluated using the Boltzmann plot method:
(1)
where Ei and Em are the upper-level energies of the Ti I lines at 391.118, and 392.142 nm, Iij, Aij, and gi are the measured intensity, the transition probability, and the upper-level statistical weight for the Ti I line at 391.118 nm, respectively. Imn, Amn, and gm are the corresponding parameters for the 392.142 nm Ti I line. k represents the Boltzmann constant.
We found that the excitation temperature is consistently lower for OF2 than for IF (Figure 7a) . A local minimum in temperature at around 1 mm coincides with the physical separation of the plasma at around 1 -2 µs after the pulse, in which the boundary of the two split plasmas is also located at approximately 1 mm (cf. 
time, temperature decreases and the Ti plasma and the ambient air are mixed more thoroughly, which can also accelerate the temperature decrease, because the ambient air is colder than the plasma. This may contribute to the higher ITiO/ITi I and fairly constant vs. distance ratio at longer delay times (Figure 6c) .
The hydrodynamic flow and relative pressure of oxygen and its interaction with the laser-induced plasma is expected to play a key role in the formation of oxides and their distribution in the plasma. The laser ablation process is accompanied by complex shockwave dynamics, plasma expansion and pressure gradients with the existence of rarified regions. Excitation, photodissociation, and ionization processes in air also play an important role. The relative contribution of each individual mechanism in the formation of the molecular species versus atomic, and their distribution in the laser-induced plasma are complex, and dedicated work is required to elucidate mechanisms in this new unexplored regime of fs weakly ionized plasma channels on ablation and plasma behavior.
Effect of sample position and weakly ionized plasma on TiO formation
The ITi I and ITiO profiles as a function of distance, obtained for the six sample positions in focus and outof-focus (weakly ionized plasma channel regime), are compared in Figure 8a . Maximum emission intensity for both ITi I and ITiO was observed when the sample surface was located at the laser focus (IF).
As the sample was moved to greater distances from the focus, ITi I decreased rapidly. This decrease may be attributed to the decrease in laser energy density delivered to the sample as it is moved away from the focus, leading to a decrease in the amount of ablated mass and the plasma excitation temperature. However, the variation of ITiO with the sample position is significantly different from that of ITi I, while ITiO decreased from IF to OF1, further lowering the sample surface from the focus led to an increase in ITiO. on the sample surface. However, the promotion of molecular formation should be interpreted as a consequence of complicated underlying processes, as described in detail in the previous section. These measurements demonstrate that molecular to atomic spatial emission is related to the distance between the weakly ionized and surface plasmas. Furthermore, these experiments show the ability to control the TiO molecular formation during the expansion of the femtosecond laser-induced plasmas by tailoring the interaction with the weakly ionized plasma channel.
Conclusion
We studied the spatio-temporal distribution of Ti and TiO molecules in plasmas produced using femtosecond laser beams in-and out-of-focus (weakly ionized plasma channel regime), using optical emission spectroscopy. We found that plasma splitting processes take place upon the interaction of the
weakly ionized plasma with the sample. This phenomenon was accompanied by changes in the distribution of atomic and molecular species in the plasma. A significant enhancement of the molecularto-atomic emission was observed using weakly ionized plasma channels versus a focused femtosecond beam, and this ratio can be controlled by adjusting the position of the sample with respect to the weakly ionized plasma channel. These findings also provide insight into the spatio-temporal distribution of metaloxide molecules in femtosecond laser-induced plasmas generated in air, which can be used to facilitate tailored plasma chemistries by enhancing or impeding molecular versus atomic species formation. µs, the ICCD detection gate width was set to 0.2 µs. For the longer t ³ 1 µs, the gate width was set to 1 µs. Distance 0 is at the sample surface. 
